The success of liver transplantation has resulted in a dramatic organ shortage. Each year, a considerable number of patients on the liver transplantation waiting list die without receiving an organ transplant or are delisted due to disease progression. Even after a successful transplantation, rejection and side effects of immunosuppression remain major concerns for graft survival and patient morbidity.
Introduction
Orthotopic liver transplantation (OLTx) is the only treatment option for patients with end-stage liver disease or advanced hepatocellular carcinoma. For the last 25 years, the number of candidates on the waiting list has gradually increased and now far exceeds the number of available grafts. In most transplant regions, 20 to 30% of patients on the waiting list for liver transplantation die without receiving an organ transplant or are delisted due to progression of disease. Strategies to increase the donor pool and, thus, the number of available grafts, are desperately required. Extended criteria organ allocation, prolonged graft preservation, and induction of immunological tolerance still represent major clinical challenges [1] [2] [3] . Hence, experimental OLTx research is pivotal in order to optimize clinical OLTx practice.
Porcine OLTx is a well-established experimental model that resembles human OLTx in many ways including liver size, anatomy, and physiology [4] [5] [6] . Thus, it has become a standard experimental method in research fields such as surgical techniques, physiology, immunology, preservation, and ischemia-reperfusion injury. Numerous techniques of graft procurement, recipient hepatectomy, and, particularly, vascular reconstruction, have been described in literature 5 . The choice of the appropriate technique varies according to the researcher's preference and technical capability.
In contrast to the human scenario, splanchnic congestion during the anhepatic phase represents an important problem in porcine OLTx. Subsequent intestinal ischemia and congestive vascular damage can cause severe hemodynamic instability, jeopardizing the pig survival and, thus, the success of the experiment 1. Organ Retrieval 1 . House male Yorkshire pigs between 30 and 35 kg in the research facility for 1 week before transplantation to prevent a stress-induced physical reaction (which can alter the perfusion's outcome 10, 11 ) and to acclimatize the animals to the housing conditions. Fast the pig for a minimum of 6 hrs prior to induction of anesthesia. 2. Anesthetize the donor pig by an intramuscular (i.m.) injection of a mixture of ketamine (25 mg/kg), atropine (0.04 mg/kg), and midazolam (0.15 mg/kg). 3. Prior to intubation, ensure the pig spontaneously breathes 2 L of oxygen dosed with 5% of isoflurane. In supine position, spray the vocal chords with 2% lidocaine 2 min before intubation to avoid vocal cord spasms. For a 35 kg pig, use a 6.5 Fr tracheal tube. Block the tracheal tube with 3 -5 ml of room air. 4. After intubation, use capnometry to confirm correct intubation. Monitor the heart rate and oxygen saturation by pulse oximetry at the pig's tail.
Lower the isoflurane vaporizer to 2%. 1. Adjust the depth of anesthesia by minimal alveolar concentration (MAC) values; aim for 2 -2.5 MAC. Set the ventilator to 14 -16 breaths/min and a tidal volume of 10 -15 ml/kg bodyweight.
5. Place an 18 G intravenous (i.v.) catheter in one of the ear veins to allow infusion of Ringer's Lactate solution (200 ml/hr). Scrub the pig and cover it with sterile drapes. 6. After ensuring sterile conditions, make a midline laparotomy followed by a left lateral extension. Use a towel to cover large and small bowels before moving them to the left side. 7. Divide the falciform ligament and the triangular ligament using a cautery. 8. Release the liver from the diaphragm on the right side using an electro-cautery; use scissors for the upper part between the cava and diaphragm. Dissect the infrahepatic cava down to the branch of the adrenal vein on the right side and the renal vein on the left side. 9. Separate the infrahepatic cava and distal aorta from each other; ligate aortic branches to the spine; isolate and free renal arteries from adherent tissue. Surround each renal artery with a 2-0 tie. 10. Cranial to the left renal vein, dissect the aorta and mesenteric artery. Surround the mesenteric artery with a 2-0 tie. 11. After opening the peritoneum cranial to the mesenteric artery, carefully follow the aorta towards the coeliac trunk. Dissect the coeliac trunk caudally to the portal vein; surround the splenic and left gastric arteries, which branch posteriorly off the coeliac trunk. Dissect the coeliac trunk off the portal vein. 12. Release the portal vein by a peritoneal incision between the pancreas and portal vein. Tie off veins draining from the pancreas to the portal vein. 13. Separate the bile duct from the hepatoduodenal ligament and divide it distally after ligation. 14. Ligate the lymph vessels within the hepatoduodenal ligament to prevent lymphatic leakage. Divide the gastroduodenal artery and right gastric arteries between ties. Ligate smaller veins. 15. Dissect the aorta behind the diaphragm between the heart and coeliac trunk. Place a 2-0 tie around the aorta cranial to the coeliac trunk. 16 . Remove the gallbladder and cauterize any bleeding from the gallbladder bed. 17. Open up the diaphragm. Administer 1,000 iU/kg donor weight of heparin intracardially or i.v. Set isoflurane to 5% (> 2.5 MAC) in order to achieve a deeper anesthetic level. For a donor after circulatory death (DCD) model, induce cardiac arrest by intracardial injection of 40 mval KCl 3 min after heparin administration. Set cardiac arrest as the starting point of warm ischemia. 18. Tie off the previously set ties around the renal, splenic, mesenteric, and left gastric arteries. Tie off the aorta distally between renal and iliac arteries and cannulate the aorta with an organ flush line. 19. Tie off the portal vein as proximally as possible and cannulate it with another organ flush line. 20. After closing the pre-set tie around the proximal aorta, flush the liver with 2 L of cold University of Wisconsin (UW) solution using dual perfusion via aorta (pressure bag) and portal vein (gravity-driven). 21. Excise the liver, leaving all remaining vessels long. Leave a generous diaphragmatic rim around the suprahepatic cava. Place the liver into a sterile organ bag on ice. 4. After intubation, use capnometry to confirm correct intubation. Monitor the heart rate and oxygen saturation by pulse oximetry at the pig's tail. Place and fix a temperature probe into the pig's snout. Lower the isoflurane vaporizer to 2% (aim for 2 -2.5 MAC). Set the ventilator to 14 -16 breaths/min and a tidal volume of 10 -15 ml/kg body weight. 5. Use ointment on eyes to prevent dryness while under anesthesia. 6. Use Seldinger technique 13 to insert a sheath inducer (8.5 Fr) into the left external jugular vein. Use this catheter later for an active portalcaval-jugular bypass. 7. Use Seldinger technique to insert a total parenteral nutrition (TPN) catheter (9.5 Fr) into the right external jugular vein. 8. Under sterile conditions, dissect the right carotid artery and insert a polypropylene catheter (18 G) for invasive arterial pressure monitoring.
Recipient Hepatectomy
Surround the artery with a 2-0 silk tie to allow emergency ligation. 9. Turn down the isoflurane vaporizer to 1% (1.5 -2 MAC) and add propofol (5 -8 mg/kg/hr i.v.) to maintain the depth of anesthesia. For analgesia, use continuous i.v. infusion of fentanyl citrate (most preferred, 2 μg/kg/hr) or remifentanil (second choice, 15 µg/kg/hr). 10. Before skin incision, give 1,000 mg of cefuroxime and 500 mg of metronidazole i.v.. Set up an infusion pump using Ringer's Lactate with 5% glucose at 150 ml/hr. 11. Place the heat-circulating blanket onto the head and neck area. Scrub the pig and cover it with sterile drapes. 12. Under sterile conditions, make a midline laparotomy. Insert an abdominal retractor to get sufficient access to the right upper quadrant. 13. Divide the falciforme ligament and the triangular ligament using cautery. 14. In multiple steps, divide the hepatoduodenal ligament close to the liver between ties. Identify, divide, and mark the branches of the hepatic artery and bile duct. 15. Dissect the hepatic artery retrograde until the division of the gastroduodenal artery. Ensure that a bulldog clamp fits around the common hepatic artery proximal to the gastroduodenal artery for later clamping. speed to about 2,500 rounds/min such that the bypass outflow on the jugular side is between 900 -1,100 ml/min. 31. Excise the liver at its remaining connection cranial to the infrahepatic bypass connector, ensuring that the ties securing the bypass connection are not cut. Position the bypass tubing carefully to avoid kinking. Give 500 mg of methylprednisolone to initialize immunosuppression.
Vessel Reconstruction
1. Using 4-0 monofilament polypropylene sutures, close all 3 phrenic vein ostia on the recipient side at the suprahepatic cava's aperture. Stitch double-armed 4-0 monofilament polypropylene sutures inside-outside in both corners of the suprahepatic cava on the recipient side. 2. Remove the donor organ bag from the ice box. Open the organ bag, remove the donor liver, and place it into the abdominal cavity. 3. For an end-to-end anastomosis of the suprahepatic cava, trim the donor suprahepatic vena cava to fit the recipient side. Using the inside needles of the recipient side corner stitches, do an inside-outside corner stitch on each of the sides of the suprahepatic donor cava. 4. Shot both ends of the right suture together. Approximate both ostia of recipient and donor cava, then tie both endings of the left suture. 5. Shot the shorter end and do an outside-inside stitch of the recipient cava back wall next to the tie. Run over the back wall, ideally everting the cava walls. 6. Add 2-3 front wall stitches with the same suture once the right side has been reached, then shot this suture ending. Run over the front wall using the remaining suture from the left corner. Tie together both sutures used for the back and front walls. Tie the other two suture endings at the right corner. 7. After trimming the donor portal vein to an appropriate length, perform an end-to-end portal vein anastomosis in the same manner, using 6 Open the suprahepatic cava clamp and check for bleeding. Then, reperfuse the liver by opening the portal clamp. 10. Use 6-0 monofilament polypropylene sutures for hemostatic stitches. Decrease the bypass pump's speed to about 1,500 rounds/min and close the clamp of the portal sheath introducer catheter. 11. Reclamp the recipient side of the infrahepatic vena cava and put a tubing clamp on the caval part of the bypass. Stop the centrifugal pump. 12. Cut the ties of the caval connector and remove it. Return the remaining blood from the bypass to the pig through the jugular catheter. 13. Close the clamp of the jugular catheter and disconnect the bypass. Give 100 mg of protamine sulfate to antagonize the heparin. Take special care of the pig's hemodynamics during these steps; use catecholamine for pressure support and substitute sodium bicarbonate for metabolic acidosis. 14. Perform an end-to-end anastomosis of the infrahepatic cava again in the manner described above, using 5-0 monofilament polypropylene sutures. Reperfuse the infrahepatic lower cava by releasing both clamps. 15. Trim an aortal patch around the donor's coeliac trunk. Tie off the recipient gastroduodenal artery near to the common hepatic artery. Put a bulldog clamp onto the common hepatic artery proximally to the junction of the gastroduodenal artery. Trim a small arterial patch with a Potts scissor, using the vascular tissue around the junction. 16. Flush the donor hepatic artery with 10 ml of heparinized saline and put another bulldog clamp further distally to avoid back bleeding.
Anastomose the arterial ostia end-to-end in a running parachute technique, using a 6-0 monofilament polypropylene suture. Reperfuse by first opening the distal and then the proximal bulldog clamps. 17. Anastomose the bile duct end-to-end with 2 6-0 monofilament polypropylene sutures using the running technique described above. Ensure that big portions of peribiliary tissue are included because the porcine bile duct is very fragile and tears easily. 18. After checking for hemostasis, remove the sheath introducer catheter from the splenic vein. Close the proximal and distal ends with the remaining 2 ties. 19. Close the abdominal wall with a size 1 monofilament absorbable suture. Close the skin either with a skin stapler or any running 2-0 suture.
Post-operative Phase
1. Use the heating pad and heat-circulating blanket to keep the pig warm. 2. Sample blood gases hourly. Adjust dehydration by increasing the infusion rate. 3. Wean the anesthesia. Ventilate the pig for another 2 hrs. 4. Remove the sheath introducer catheter from the left jugular vein. Press firmly for a few minutes to prevent bleeding. 5. Tunnel the TPN catheter subcutaneously to the side of the pig's neck. Secure it with 2-0 sutures. 6. Remove the arterial line after 2 hrs if the pig is hemodynamically stable without catecholamine support. Ensure that the puncture side is not bleeding. Otherwise, make a 6-0 purse-string stitch around the arterial hole without closing the artery. Close the incision site. 7. Stop the ventilation once the pig is able to breathe independently. Disconnect the ventilation tubing from the tracheal tube. Repeatedly check if the pig is breathing sufficiently. 8. Place the pig in a prone position into a single animal pen provided with a heating lamp. Extubate once the pig is able to hold up his head independently. Do not leave an animal unattended until it has regained sufficient consciousness to maintain sternal recumbency. House the pig separately for the entire post-operative period. 9. Provide sufficient i.v. pain medication post-operatively (for example, buprenorphine 0.01 -0.05 mg/kg every 6 hrs). 10. If the pig does not drink independently, substitute enough volume i.v. 11. Continue methylprednisolone as immunosuppression (250 mg post-operative day (POD) 1 morning and then 125 mg each morning). Start cephalosporin 2 mg/kg p.o. twice a day from POD2 on. 12. Administer 500 mg of metronidazole and 1,000 mg of cefazoline twice daily, as well as 20 mg of pantoprazole once daily until POD3. 13. Monitor the pig closely. Do not hesitate to sacrifice it if it shows signs of suffering (for example, lethargy, refusion to drink, persistent acidosis or hypoglycemia, or signs of hemorrhage or peritonitis). For euthanasia, exsanguinate the pig under deep isoflurane anesthesia (5%, >2.5 MAC) by cutting the suprahepatic cava.
Representative Results
In a first transplantation study, a heart-beating donor model (HBD, n = 5) was compared with a DCD model (n = 10) exposed to 45 min of warm ischemia in situ. In both groups, grafts were preserved on ice for 10 hrs after procurement.
In the HBD group, 100% of the recipient pigs survived until the end of follow-up on day 5 after transplantation. In the DCD group, only 50% of the recipient pigs survived for 5 days due to coagulation issues or metabolic decompensation, as a result of decreased post-operative liver function.
All blood samples were collected from the central venous catheter. After centrifugation, serum samples were obtained and analyzed for hepatocellular injury (aspartate aminotransferase, AST), biliary function (total bilirubin and alkaline phosphatase), and liver function (INR). The time-course of each marker is shown in Figures 2 -5 .
AST levels reached a peak after 24 hrs (1414 ± 538 U/L in the HBD group and 2296 ± 1313 U/L in the DCD group, p = 0. 
Discussion
Experimental porcine OLTx is a challenging procedure for a research setting without the intensive care resources of a clinical scenario. Possible complications include hemodynamic instability, hemorrhage, organ ischemia, hypothermia, and metabolic, as well as respiratory, decompensation. For any research group, sufficient procedural training of the surgical technique 5 as well as the pig anesthesia 14, 15 is mandatory in order to achieve representative and reproducible results.
Many technical subtleties have been described in the literature, especially regarding the vascular reconstruction phase
One great obstacle of porcine OLTx is the relatively poor tolerance of cava and portal vein cross-clamping. Splanchnic congestion during the anhepatic phase causes venous hypertension and capillary damage that can lead to major intestinal ischemia and hemodynamic instability to the point of an irreversible shock even after organ reperfusion 7 . Since the vena cava is completely embedded in liver parenchyma, a cava-preserving piggy-back procedure is not feasible. The total occlusion of the vena cava during the cava reconstruction phase impairs the hemodynamic stability of the pig. Although a few reports show that porcine OLTx can be accomplished during total cava and portal vein occlusion of less than 25 min 16, 17 , a porto-cava-jugular bypass technique for the time of vascular reconstruction is the safer and more practical option [7] [8] [9] 18 . In the authors' experience, a passive porto-jugular bypass is not optimal to keep the pig hemodynamically stable during the anhepatic phase. The bypass model, including active decompression of both infrahepatic cava and portal vein, allows a calm reconstruction phase of the suprahepatic caval and portal anastomoses even with extended clamping time due to unforeseen complications. Contrary to earlier reports 7 , a splenectomy is not mandatory when the portal bypass catheter is removed. Both splenic artery and vein are closed about halfway along the spleen's length leaving the proximal half sufficiently perfused. Complications like bleeding or air embolism due to bypass disconnection are avoidable by ensuring that the bypass is placed carefully and secured properly.
In long-term survival OLTx experiments, the bile duct anastomosis is considered a weak spot due to its high complication rate 19 . The biliary tissue is very fragile and needs special care when being handled. Many different anastomosis techniques have been described 5, 19 . An endto-end anastomosis is technically easy and associated with minimal complications 19 . A continuous suture with a non-cutting needle including big sections of peribiliary connective tissue appears to be superior to an interrupted suture. The bile duct is placed under unnecessary tension when the single stitches of the interrupted suture are knotted. This may result in tissue tears and consecutive bile leaks. The suture materialabsorbable or non-absorbable -is usually not important, given its limited lifespan until the pig is terminated. For long-term survival models over several months, absorbable sutures -like in human OLTx -are preferable.
Specific care must be taken with the post-operative follow-up. Sufficient nutrition and fluid supply, a reliable pain relief protocol, and a proper immunosuppression regime are obligatory. For long-term experiments, immunosuppression appears particularly important. Compared to other mammals, pigs show a surprisingly low immunological rejection rate after OLTx 20, 21 . Round cell infiltrations are maximal during the second week after transplantation and diminish spontaneously even without immunosuppression. Rejection is rarely the cause of death after porcine OLTx 22 . However, even with the immunosuppression protocol involving administering steroids i.v. and calcineurin inhibitors p.o. mentioned here, graft rejection is indicated by a mild increase of transaminases starting at about 4 days after OLTx and confirmed by apparent portal field round cell infiltration. Calcineurin inhibitors can be given either p.o. 23, 24 or i.v. 25, 26 ; both methods have disadvantages. Even with oral application aids, the actual amount reaching the gastro-intestinal tract remains elusive. On the other hand, continuous i.v. infusion in a pig's pen with an active animal is difficult. Hence, the i.v. application must be performed as a bolus, which results in high drug concentration peaks along with potential toxic effects. Nonetheless, both methods of application appear to allow long-term survival.
Similar to a clinical setting, post-operative stress ulcer prophylaxis is recommended. Post-operative bleeding from peptic ulcers is a frequent problem and may be related to an impaired liver function 27 . After a few cases of gastrointestinal bleeding in both OLTx groups, the authors began regular prophylaxis with pantoprazole and did not experience any gastrointestinal bleeding ever since.
Strict maintenance of sterile conditions intraoperatively, comparable to the conditions in a clinical operating room, and consequent antibiotic prophylaxis, decreases the risk of infectious complications.
In conclusion, this article provides practical information for establishing a porcine OLTx program in a research setting. Sufficient dedication, practice, and teamwork is important in order to decrease the learning period, to produce reliable results, and to reduce costs and the number of research animals.
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